Question: How does competition between quaking aspen (Populus tremuloides) and white fir (Abies concolor) affect growth and spatial pattern of each species? Location: The northern Sierra Nevada, California, USA. Methods: In paired plots in mixed aspen-(n 5 3) or white fir-dominated (n 5 2) stands, we mapped trees and saplings and recorded DBH, height, species, and condition and took increment cores. We tallied seedlings by species. Tree ring widths were used as a measure of basal area change over the last decade, and canopy openness was identified using hemispherical photographs. Linear mixed models were used to relate neighborhood indices of competition, stand, and tree-level variables to diameter increment. Spatial patterns of stems were identified using the Neighborhood Density Function. Results: White fir radial growth was higher in aspenthan white fir-dominated plots. Individual-level variables were more important for white fir than for aspen growth, while variables representing competitive neighborhood were important only for aspen. The forest canopy was more open in aspen-than white fir-dominated stands, but ample aspen seedlings were observed in all stands. Canopy stems of aspen and white fir were randomly distributed, but saplings and small trees were clumped. Aspen saplings were repelled by canopy aspen stems. Conclusions: Variation in canopy openness explained more stand-stand variation in white fir than aspen growth, but high light levels were correlated with recruitment of aspen seedlings to the sapling class. Radial growth of aspen was predicted by indices of neighborhood competition but not radial growth of white fir, indicating that spacing and stem arrangement was more important for aspen than white fir growth. Fire suppression has removed a major disturbance mechanism that promoted aspen persistence and reduced competition from encroaching conifers, and current forests favor species that regenerate best by advance regeneration (white fir).
Introduction
Quaking aspen (Populus tremuloides, hereafter aspen) is the most widely distributed hardwood in North America (Perala 1990) . Aspen is a clonal species that reproduces mainly by vegetative sprouting (suckering) in the western USA; establishment from seed is rare (Romme et al. 2005 ). In the western USA, aspen is considered a successional species because its sprouts are able to rapidly take advantage of canopy openings (gaps) created by fire and other disturbances (Barnes 1966; Peterson & Squiers 1995a, b) . Conifers that are successful in invading aspen stands vary across the west from Douglas-fir and lodgepole pine in the Rocky Mountains (Suzuki et al. 1999 ) to sub-alpine fir in Utah .
Extensive studies of aspen stand dynamics have been conducted in the Rocky Mountains (Kulakowski et al. 2004 ), Utah (Bartos & Campbell Jr. 1998) , Michigan (Peterson & Squiers 1995a, b) , and the southwest (Shepperd & Fairweather 1994; Margolis et al. 2007 ). After stand-replacing disturbances, aspen is able initially to out-compete conifers because of its high growth rate. Frequent low and moderate severity fire in fire-prone forests is also thought to maintain aspen stands by thinning invading conifers and creating gaps that promote aspen regeneration. Aspen needs high light levels to survive, especially at the seedling and sapling stage, and shading by conifers also reduces aspen sucker production. Geographic (Suzuki et al. 1999 ) and microsite ) variation have been shown to affect aspen successional status as a seral or climax species. Despite this west-wide interest in the ecological status of aspen, the few studies that have examined aspen in the southern Cascades and Sierra Nevada are restoration experiments (Jones et al. 2005; Shepperd et al. 2006 ) and studies of regeneration (Ko 2001) .
Fire suppression on many western landscapes has altered disturbance regimes and changed the number and quality of gaps. In montane forests, fire return intervals have lengthened considerably since the beginning of the fire suppression era (Taylor 2000) , with implications for the persistence of aspen over long time periods (Strand 2009 ). Moreover, species responses to gaps can differ depending on the disturbance type, vegetation association, and site, which contribute to geographic differences in stand-level composition (Spies & Franklin 1989; Veblen 1989) . Rapid colonization of the large gaps left by stand replacing fire is one of the major mechanisms of aspen persistence at landscape scales (Peterson & Squiers 1995a, b) . Fire suppression over most of the western montane zone in the 20th century has meant that shade-tolerant conifer species (typically white fir [Abies concolor]) are now able to replace aspen across wide areas (Jones & DeByle 1985; Bartos & Campbell Jr. 1998; Shepperd et al. 2006) . Peterson & Squiers (1995a, b) studied secondgrowth aspen-white pine (Pinus strobus) stands in Michigan, where early 20th century fires burning in logging slash promoted wide establishment of aspen. Using principles of symmetric and asymmetric competition (Weiner 1990 ), Peterson & Squiers (1995a, b) determined that white pine (P. strobus) intermixed with aspen had higher radial growth rates compared to white pine in second-growth monospecific stands. They hypothesized that as conifers gain relative dominance they preempt light, increase competitive asymmetry, and cause aspen in mixed stands to grow more slowly than aspen in pure stands, while conifers in mixed stands would grow more rapidly (Peterson & Squiers 1995a, b; Shepperd et al. 2001) . High light levels are necessary for production of abundant aspen suckers (Barnes 1966; Peterson & Squiers 1995a, b; Peterson & Jones 1997) , and light stress is the most likely cause of aspen decline as overtopping causes aspen to grow more slowly, produce fewer suckers, and release resources to conifer stems. Thus, we expect that stands with more open canopies would favor aspen growth and sucker production while stands with more closed canopies would suppress aspen growth compared to conifer growth.
Neighborhood indices of competition have been used to quantify symmetric and asymmetric competitive effects (Peterson & Squiers 1995a, b) . Indices based on distance between competing stems or on the area of a stem's proximity polygon can approximate symmetric and asymmetric competition by weighting larger trees or more widely spaced trees more heavily (Soares & Tome 1999 ). Because we are examining the contrast between a clonal, rhizomatous species and an aclonal species, we expect that neighborhood indices will not be important predictors of growth in the physiologically integrated quaking aspen, but will be important predictors for individualistic white fir. Furthermore, we expect that for white fir, trees with larger values of these neighborhood indices will have higher growth rates because of their superior competitive position and their ability to asymmetrically preempt light.
Spatial location of stems influences regeneration and mortality in both aclonal genets (Stohlgren 1993) and clonal ramets (Peterson & Jones 1997 ) but the spatial expression of these effects may differ between clonal and aclonal species. On the scale of a small stand of aspen, expansion occurs along the margins where roots from mature stems reach unoccupied areas, which is thought to lead to a clumped pattern for aspen stems (Barnes 1966; Peterson & Squiers 1995a, b) . Additionally, clonal plants that experience interspecific competitive stress can maintain daughter ramet growth by exploiting belowground physiological integration (Pitelka & Ashmun 1985) . If, however, competitive stress is too great, physiological integration becomes a burden and connections may senesce (de Kroon & Schieving 1990 ). Even when not stressed, aspen stems cut connections to daughter ramets within 20 years (Shepperd & Smith 1993) . Thus, as increasingly asymmetric competition with invading conifers for light stresses large aspen, connections to daughter ramets are cut before they can survive on their own. This process is assumed to lead to clumping of aspen trees in mixed stands in contrast to co-occurring aclonal species (Barnes 1966; Peterson & Squiers 1995a, b) .
This study focuses on mixed aspen-white fir stand dynamics in forests in the northern Sierra Nevada. We use a combination of radial growth analysis, spatial point pattern analysis, and linear mixed models in pairs of stands with different degrees of dominance to address the following questions: (1) What are the trends in basal area (BA) of the two dominant species, white fir and aspen, and if they are different, what neighborhood, individual, or stand-level factors, contribute to differential radial growth rates? (2) Are high light levels necessary for aspen sucker production, sapling recruitment, and increased aspen growth? (3) How are clonal/aclonal physiological differences manifested in the spatial pattern of stems?
Study Area
Aspen stands were studied in the Diamond Mountains, in Lassen National Forest near Susanville, California (40124 0 N, 130139 0 W). The Diamond Mountains are at the northern tip of the Sierra Nevada (Reed 1933) and are underlain by Mesozoic granite and overlain by Tertiary rhyolitic and andesitic lava flows. Soils in the study plots are all sandy, gravelly, or cobbly loams that are moderately well drained (Fig. 1) .
The climate is characterized by hot, dry summers and cold, wet winters. Average monthly temperatures in Chester, California (1385 m, 45 km west) are 16.91C maximum and À 0.51C minimum. Annual average precipitation is 85.9 cm, with 470% of precipitation falling as snow between November and April.
Disturbances that may have influenced aspen stands in the Diamond Mountains include fire and livestock grazing. Native Americans (Maidu) are known to have burned vegetation to drive game and to increase production of certain plants for food and fiber. Burning by Maidu probably declined when the area was settled by Euro-Americans, beginning in the 1850s (Anderson 2005; Norman & Taylor 2005) . A policy of suppressing fires was implemented when the study area became part of the National Forest System in 1907 (Pyne 1997) , and few fires have burned since then (Gill 2007) , with none of our stands showing any outward evidence of recent burning. Livestock were first grazed in the Diamond Mountains in the 1860s but stock numbers have been low since the end of World War II (grazing records on file, Lassen National Forest, Susanville, CA). Logging did not begin at higher elevations where aspen stands are most extensive until the 1970s. There was no evidence of logging in our stands.
Methods

Stand structure
Sites were selected from a map of aspen stands in the Diamond Mountains (on file, Eagle Lake Ranger District, 2009, pers. commun.) . Criteria for stand selection included: (1) mixed stands dominated by either aspen or white fir; (2) stand area: ! 0.5 ha; (3) no evidence of logging or other disturbance; (4) presence of adjacent pure conifer stands. Stands were field checked to confirm that they met these criteria and to select pairs of plots. Topographic characteristics for plot pairs were recorded, and pairs were chosen to minimize betweenstand differences in topographic variables (Table 1) . Competition and regeneration in quaking aspen-white fir forests 3
Forest structure in each stand (n 5 5 pairs) was measured in two 25 mÂ25 m plots (0.0625 ha). Each plot was divided into 5 mÂ5 m cells (n 5 25) and trees (DBH ! 5 cm) and saplings (DBH 5 cm, height ! 1.5 m) were mapped in each cell using X and Y coordinates from the plot origin. The species of each tree with its DBH, condition (live or dead), and height in 5-m height classes was recorded. Each live tree was cored 0.3 m above the ground to estimate tree age and radial growth increment. Seedlings (0.25-1.5-m tall) in each cell were tallied by species 1 . Off-plot transects in pure conifer stands provided additional growth data, especially when aspen-dominated plots contained few conifer stems. Each stand was sampled with a 60-m transect using the Point Centered Quarter method (Mitchell 2006) . Points spaced every 15 m served as the center of four equiangular quarters. In each quarter, the distance to the nearest tree (45-cm DBH), its species, height class, and DBH were recorded. Each tree was then cored at 30 cm above the ground.
Light levels were quantified as canopy openness above each cell using hemispherical photographs. Photographs were taken at the 16 interior cell corners in each plot. Canopy openness in each photograph was determined using the Gap Light Analyzer (Frazer et al. 1999) . The relationship between canopy openness and regeneration was determined by calculating a regression equation between sapling density and average canopy openness in each plot (n 5 10). Differences in canopy openness by dominance type were determined using ANOVA.
Tree ages were determined by sanding cores to a high polish, and cross-dating the annual growth rings using standard dendroecological techniques (Fritts 1976; Stokes & Smiley 1996) . The innermost ring for each core was used as an estimate for tree age. If the core did not intersect the pith, the distance to pith was visually estimated using transparent ring annuli (Applequist 1958 ). We constructed linear regression models to predict age from diameter for all complete cores and used these results to reconstruct the ages of incomplete cores.
Competitive relationships
We compared BA changes between species by reconstructing and quantifying BA in 1995 BA in , 2000 BA in , and 2005 . We measured diameter increments for 5-year periods using calipers with a 0.02-mm tolerance and used a proportional method to reconstruct past tree diameter (Bakker 2005) . All cores extending back to 1995 were used to reconstruct BA.
Interspecific differences in radial growth were identified with linear mixed models. Height class (H), diameter at breast height (DBH), and age (A) were tree-level variables included as fixed effects. Total live BA (BA s ) in each plot was included as a measure of plot-level crowding. The ratio of tree DBH to plot average DBH (DBH/m DBH ) was included as a variable to account for the competitive position of each tree (Carlson et al. 2008) . Both DBH/m DBH and BA s were included as fixed effects. We grouped individual observations by stand to incorporate the random effect of stand on the intercept of the linear mixed model (u i ).
Neighbor effects on growth of focal trees were included by calculating competition indices using proximity polygons (Brown 1965) . Proximity polygons were constructed using the tripack package (Renka et al. 2007 ) in R (RCDT 2007) , and three indices were calculated. The first is the area of the polygon associated with each tree or the Polygon Area (PA). The second is the Growing Volume (GV; Moore et al. 1973; Pelz 1978) or the product of the focal tree's PA and its height. The third is the product of PA and focal tree relative height (Soares & Tome 1999) . Relative height is the height of the focal tree divided by the sum of the heights of its taller neighbors. This index proportionally weights area by a tree's height and by its competitive position relative to its neighbors, thereby providing a measure of relative size asymmetry (Weiner 1990 ). This new index is termed the Relative Growing Volume (RGV). Each index was included as a fixed effect in the mixed models. We tested the three indices of neighborhood effects on two species, so six different models were fitted. The basic model for each species was based on Moore et al. (1973) and is represented as:
Each model was initiated with homogenous error variance for each group, using each stand as a separate group, and tested against a model with heterogeneous error variances for each group with a likelihood ratio test. After each model fit, we used ANOVA to test for the significance of included variables and removed non-significant independent variables one-by-one until all F-values were significant at Po0.05. To estimate the magnitude of the effect of stand-stand variation on the intercept of the model, we calculated empirical best linear unbiased predictors (EBLUPs). We averaged those estimates and their standard errors using Rubin's multiple imputation, implemented in the mix package for R (Schafer 2009 ). Linear mixed model analysis was conducted using SAS software, version 9 for Windows (SAS 2009), following the ''topdown'' methodology set forth in West et al. (2007) .
Spatial patterns of stems
The spatial patterns of different size classes of stems were identified using the Neighborhood Density Function (NDF) with SpPack software (Perry 2004; Perry et al. 2006) . The NDF uses concentric, mutually exclusive rings, and calculates deviations from expected density analogously to Ripley's K (Perry et al. 2006 ). In the univariate case, live stems (all saplings and all trees), live saplings, live small trees (5-15-cm DBH), and live canopy trees (trees ! 15-cm DBH and/or trees ! 10-m tall) of both aspen and fir were analyzed. We used the bivariate NDF to compare live canopy trees to conspecific saplings. We calculated 95% confidence intervals using Monte Carlo simulations and random labeling for the univariate and bivariate analyses, respectively (Perry 2004 ). The minimum sample size for a univariate analysis was 40 stems and 30 stems in one group, and 20 stems in the second group for the bivariate case (Diggle 2003; Perry et al. 2006) .
Results
Stand structure and stand reconstruction BA reconstructions for 1995 and 2000 were based on 950 cores from white and red fir, aspen, and lodgepole pine. Of these, 90.6% (n 5 861) were complete enough to reconstruct BA for 1995 and 2000, and 85.1% (n 5 808) were used to estimate ages. We reconstructed 10.6% (n 5 101) ages for incomplete cores using a simple linear regression of age and diameter. There was a close relationship between aspen DBH and age and a linear regression of DBH on age explained greater than 70% of the variation (Fig. 2) . The relationship for aspen was better (r 2 5 0.73) than for white fir (r 2 5 0.20), red fir (r 2 5 0.28), and lodgepole pine (r 2 5 0.59, data not shown).
The dominant species in all plots exhibited reverse-J diameter curves, except stand 4, plot 2 (4-2) and 5-2 (see supporting information Fig. S1 ). The age structure of stems had different distributions (Fig. S2) . White fir-dominated plots (stands 4 and 5) had a unimodal age structure with most trees in the 60-and 80-year age classes, few young trees, and only aspen and lodgepole in the oldest age classes. Aspen-dominated plots 2-2 and 3-2 also had unimodal age structures, with peaks in the 60-year age class. In contrast, aspen-dominated plot 3-1 had a bi-modal age distribution, with peaks in both the 60-and 120-year age classes. Aspen-dominated plots 1-2, 2-1, and 2-2 were characterized by reverse-J age structures. The age and diameter structure of trees in the off-plot conifer stands were more skewed to the right compared to the paired plots (Fig. S3) . Forests in the off-plots were characterized by irregular diameter distributions and uni-or bi-modal age distributions with peaks in different age classes. Competition and regeneration in quaking aspen-white fir forests 5
BA varied from a low of 30.3 m 2 ha À 1 in aspendominated plot 2-1 to a high of 97.6 m 2 ha À 1 in white fir-dominated plot 5-2 (Table 2) . Overall, BA averaged 54.3 m 2 ha À 1 . Density varied from a low of 1056 stems ha À 1 in aspen-dominated plot 2-2 to 2096 stems ha À 1 in white fir-dominated plot 4-1, and the overall average was 1538 stems ha À 1 . Off-plot pure conifer stands were generally less dense (556 stems ha À 1 ), with a wider range of BA (average 46.8 m 2 ha À 1 ). In the BA reconstruction, white fir had the largest average relative (35%) and absolute (5.9 m 2 ha À 1 ) gains from 1995 to 2005 across stand types (Table 3 ). The dominant species in the plot always had the highest absolute gain, except in aspendominated plot 3-2, where white fir had a higher absolute gain. In plot 2-1, aspen had the largest relative gain over the 10-year period adding 61% of its initial BA from 17.4 to 28.0 m 2 ha À 1 .
Growth rates and competitive relationships
The aspen growth models always included the neighborhood index of competition around which we constructed the model (PA, GV, or MGV; Table  4 ). The three models also always, and only, included Age (A) and Stand BA (BA S ). The error variances were not equal, but the model with pooled variance had a lower REML log-likelihood ( À 278.0) than the model with heterogeneous error variances ( À 259.8). The EBLUPs of the random effect of stand on each intercept were consistent between the three models, with 2-1 and 2 having the highest values (0.29) and 3-1 and 2 the lowest ( À 0.27) ( Table 5 ).
In the three growth models for white fir, in contrast, only Modified Growing Volume (MGV) as a neighborhood index of competition was included, and its effect was negative (Table 4) . The three models also always included Height, Age (A), DBH, Stand BA (BA S ), and tree competitive position (DBH/m DBH ). As with aspen, the white fir model error variances were unequal, and pooling error variances by stand type did not improve model fit. The EBLUPs of the random effect of stand on each intercept were consistent between the three models, and showed less overall variation than those for the aspen models (Table 5 ). Plots 4-1 and 2 had the lowest EBLUP at À 0.11 while plots 2-1 and 2 had the highest at 0.11.
We used multiple imputation to average the EBLUPs and their standard errors for the two sets of three models and compared them with the standlevel average canopy openness. The EBLUPs for the fir model and average canopy openness at the stand level were strongly correlated (r 5 0.95, Po0.05), but EBLUPs for the aspen model were uncorrelated with stand-level openness (r 5 À 0.19, P40.10).
Canopy density and seedlings and saplings
Canopy cover differed by plot dominance (Po0.05, ANOVA), but all plots had high canopy cover. Fir-dominated plots (n 5 4) had lower average canopy openness than aspen-dominated plots (n 5 6). Average canopy openness ranged from 7.2% to 20.4% (Table 6 ). The number of aspen saplings was correlated with canopy openness (r 2 5 0.50, Po0.05; Fig. 3 ). There appeared to be a canopy cover threshold for aspen density at ca. 10% canopy openness. Above this value, the density of aspen saplings was 41600 stems ha À 1 , whereas below 10% openness sapling density was 100 stems ha À 1 . Density of aspen suckers, however, was not related to canopy openness (r 2 5 0.112, P40.05) or conspecific sapling density (r 2 5 0.182, P40.05; data not shown).
Spatial pattern
Spatial patterns varied by species, size class and stand type (Table 7) . Spatial patterns for aspen are reported here only for aspen-dominated stands and white fir patterns only for white fir-dominated stands. The number of stands analyzed for the univariate and bivariate case varied because of minimum sample sizes.
For the univariate case, both aspen and white fir trees in plots were mainly clumped (Table 7 ). All live stems in one aspen-dominated plot showed clumping out to as far as 8 m, but most plots were only clumped up to 6 m. Aspen saplings in all plots were clumped up to 4 m, and one plot had evidence of clumping up to 10 m. Aspen 5-to 15-cm DBH were clumped in a majority of plots up to 6 m. All live white fir stems were clumped from 1 to 3 m in three out of four plots, and fir saplings in one plot were clumped up to 1 m. Fir trees between 5-and 15-cm DBH had variable patterns of clumping, and overall all size classes of white fir were clumped at shorter scales than aspen. In contrast to the smaller size classes, the pattern of large aspen and fir trees ( ! 15 cm DBH) were not different from random in any of the plots.
In the bivariate analysis, the type of spatial association exhibited by saplings and conspecific large trees ( ! 15 cm DBH) differed between aspen and white fir. There was a negative spatial association between aspen saplings and large trees at distances from 1 to 6 m in 75% of the plots, but no association in others. In the white fir-dominated plots there was no spatial association between fir saplings and large trees. 
Discussion
Aspen growth models were simple, including only age, plot BA, and indices of neighborhood competition. It is surprising that of all the treespecific variables, only age was a significant predictor of aspen growth. Age had a negative effect on growth, as did plot BA, but the tree's competitive neighborhood -quantified by the competition indices -had positive effects. Once released from crowding and shading, aspen growth can increase quickly (Jones et al. 2005 ) because of its ability to send lateral roots far from main stems to ''mine'' soil resources (Shepperd & Smith 1993) . In contrast, the fir growth models included all three of the treespecific independent variables, but only included one of the indices of neighborhood competition, MGV, and its effect was negative. Individual competitive position -the height of the tree and the ratio of the tree's DBH to plot average DBH -had strong positive effects on white fir growth. The contrast in results between species reflects different growth strategies employed by clonal and aclonal species.
Higher rates of white fir radial growth in open stands implies that fir seedlings and saplings are able to take advantage of the high understory light levels Table 4 . Mixed model parameter estimates for both aspen and white fir models using each of three indices of neighborhood competitive effects. Neighborhood effects are the area of the tree's proximity polygon (PA), the growing volume (GV), and the modified growing volume (MGV). Fixed effects are height, age (A), DBH, stand basal area (StandBA), and the ratio of the tree's diameter to the stand mean diameter (DDBar). The random effect of stand was modeled on the intercept only, and is reported in Table 5 . ÃÃ Significant at Po0.01; ÃÃÃ Significant at Po0.001.
Species
Neighborhood index used in model building This demonstrates the ability of the shadetolerant white fir to establish as advance regeneration beneath aspen and then release quickly as canopy gaps form in a stand. White fir can survive in the understory of a stand for many years before being released. White fir saplings averaging 2.5-m tall at 46 years old have been reported growing in shrubfields in the southern Sierra Nevada (Oakley et al. 2006) . Gap formation by tree fall, which is the major method of gap formation in an era of fire suppression, would tend to favor species with good responses to light levels, like white fir. On the other hand, when severe fire creates large openings, the ability of aspen to mine the soil and expand quickly gives it an advantage over seeding species like white fir (Romme et al. 2005) .
Reconstructions of live BA for 1995 and 2000 for the plots show that white fir has a higher relative growth rate than aspen or other conifers. The strong relative gains for this shade-tolerant, relatively fireintolerant species reflects similar trends in other Sierra Nevada forests where pine and cedar in the mixed conifer zone are being replaced by white fir (Taylor 2000; Beaty & Taylor 2007; North et al. 2007) . Given the small number of aspen stands in the southern Cascades that have burned since the establishment of the Lassen National Forest and the onset of fire suppression (Shepperd et al. 2006) , this gain in white fir dominance is not surprising. The age structure of our sampled stands indicates that the vast majority of white fir stems established after the onset of fire suppression, however, abundant aspen saplings were not aged in several plots. At the landscape scale, these results imply that aspen stands will continue to decline as succession to conifers continues, except if severe disturbance (Romme et al. 2005) or human manipulation (Jones et al. 2005) create conditions favorable to aspen regeneration and recruitment (Pre´vost & Pothier 2003; Shepperd et al. 2006 ). Table 7 . Number of plots with significant spatial patterns using the Neighborhood Density Function and 95% confidence interval estimates generated by Monte Carlo simulation. Numbers represent clumped patterns, while numbers in parentheses represent dispersed patterns and blanks represent random patterns. The ''All live'' class includes all live saplings and all live trees. N-Number of plots analyzed.
Univariate N Distance (m) 1 2 3 4 5 6 7 8 9 10 11 12
All live aspen 6 6 6 6 5 3 4 2 1 Aspen saplings 6 6 6 6 6 4 4 4 3 2 1 Aspen 5-15 cm DBH Competition and regeneration in quaking aspen-white fir forests
The spatial patterns of both aspen and white fir tended to be clumped. These results show stronger clumping of aspen than Peterson & Squiers (1995a, b) found in Michigan. When examined by size class, the univariate spatial patterns for both species were similar, even though aspen is rhizomatous and regenerates by suckering while white fir regenerates from seed. For the sapling and small tree size classes, the scale of clumping was generally larger for aspen than for white fir, which would be expected for a clonal compared to non-clonal species. However, for canopy trees, there was no detectable pattern for either species. While aspen is able to keep small suckers alive through its extensive root system, these connections break down over several decades, leaving ramets to compete individually (Shepperd 1993) . In our stands, competition appears to shape the spatial pattern of both aspen and white fir to develop along similar trajectories, despite their different life forms.
Differences in the clonal/aclonal life-history strategy may manifest themselves most strongly when new individuals establish. Aspen saplings were further away from large aspen trees than expected at random, while white fir saplings exhibited no spatial interaction with canopy white fir trees. This implies that white fir is capable of regenerating under itself, while aspen saplings avoid the shading effects of mature conspecifics. This is similar to patterns of aspen suckers in other parts of the Sierra Nevada, where aspen suckers tended to be produced far away from main stems and distal to the cuts in rhizomes made by disturbance (Shepperd et al. 2006) . Contrary to the mutual repulsion of white pine (P. strobus) and aspen identified in mixed stands in Michigan (Peterson & Squiers 1995a, b) , we found no spatial relationship between canopy aspen and white fir seedlings or saplings (results not shown). Peterson & Squiers (1995a, b) suggest that aspen was able to shade white pine seedlings sufficiently to prevent their widespread establishment. White fir, on the other hand, is known to be highly shade tolerant (Oakley et al. 2006) , which may allow it to establish in aspen stands independent of any shading effects of aspen. In the Diamond Mountains plots, white fir seedling counts were not related to canopy openness (P 5 0.365), but were weakly positively related to the number of white fir trees in the plot (P 5 0.072), suggesting that local seed rain may be more important to white fir seedling establishment than an open canopy.
In contrast, the abundance of aspen saplings in more open stands is strong evidence that understory light conditions strongly influence aspen sucker recruitment into the sapling size class. However, contrary to previous hypotheses that aspen needed high light levels to produce suckers, aspen suckers appeared regularly and in great numbers in all stands, regardless of canopy openness (Table 6) . We suspect that the large number of suckers we found would be sufficient to perpetuate aspen dominance if those suckers were recruited to the sapling stage, however, this recruitment to the sapling stage has been shown to require high canopy openness (Jones et al. 2005 ), which in turn produces much larger cohorts of aspen suckers (Pre´vost & Pothier 2003) . Large canopy aspen trees typically exert apical dominance to reduce the suckering response by producing auxin to suppress cytokinin in the root system (Schier et al. 1985) . However, suckering can occur regardless if too few canopy stems are producing auxin to suppress cytokinin production by the root system, resulting in vigorous suckering from a healthy root system (Schier et al. 1985) . In the white fir-dominated stands with deep shade, low numbers of canopy aspen and high levels of cytokinin in the root system are the likely cause of the high numbers of aspen suckers we found in the understory. In all stands, high aspen sapling recruitment occurred when canopy openness was greater than 10%. This was independent of the number or condition of aspen suckers present. Furthermore, in a ranking of the effects of suppression on sapling growth for 11 southern boreal species in interior British Columbia, Wright et al. (2000) found that aspen sapling radial growth rates decreased more and rebounded less than associated species. Thus, even if the current aspen saplings were to be released by the death of canopy conifers, it would be unlikely that they would be recruited into the canopy, suggesting that complete elimination of conifer competition is necessary for aspen persistence (Jones et al. 2005) . The most likely effect of such a release would be the production of a new cohort of aspen seedlings, which, despite their high initial growth rate, would already be overtopped by any white fir advance regeneration (Pre´vost & Pothier 2003) .
Suppression of aspen recruitment to the sapling class by a dense white fir canopy supports the initial hypothesis of asymmetric competition between white fir and aspen. Once canopy openness falls below a certain threshold level (in this study, ca. 10%), aspen seedlings cannot reach the sapling stage. Even though aspen is a clonal species, integration between canopy and understory stems may decline shortly after sucker production (Shepperd 1993; Shepperd & Smith 1993) . These ramets are then subjected to the asymmetric competitive effect of preemption of 10 Pierce, A. D. & Taylor, A. H. incoming light by white fir, which inevitably leads to their death.
The type and quality of disturbance regimes have implications for the species composition of many systems (Spies & Franklin 1989; Veblen 1989) . In these mixed aspen-white fir forests, a century of fire suppression has reduced the probability of aspen recruitment to the canopy, but aspen is still successful in those areas that do burn (Romme et al. 2005) , and in areas where competition is reduced (Kulakowski et al. 2004) . However, in the mixed conifer zone where fire suppression has been highly successful and tree fall gaps are now the dominant disturbance process, shade-tolerant white fir is able to prosper because its seedlings can survive deep shade and develop into advance regeneration.
Supporting Information
Additional supporting information may be found in the online version of this article: Fig. S1 . Diameter structure of sampled plots, presented as stems per hectare. The labels on the xaxis are the upper limit of 10-cm DBH classes (inclusive), with Sap denoting the sapling diameter class (o5cm DBH, ! 1.4-m tall). Stands 1 through 3 are aspen dominated while stands 4 and 5 are white fir dominated. Species acronyms are: AbcoAbies concolor; Abma -Abies magnifica; PicoPinus contorta; Potr -Populus tremuloides. Fig. S2 . Age structure of sample plots, presented as stems per hectare. The labels on the x-axis are the upper limit of the age class (inclusive). Stands 1 through 3 are aspen dominated while stands 4 and 5 are white fir dominated. Species acronyms are given in the caption for Fig. 3 . Fig. S3 . Age and diameter structure of off-plot conifer-dominated transects, presented as stems per hectare. X-axes are the upper limits (inclusive) of either the age or diameter class. Transects are numbered to correspond to the numbers of the sampled stands. Species acronyms are given in Fig. 3 . Fig. S4 . A view of the Diamond Mountains from the northeast. The Aspen-White fir stands examined in this study lie near the crest of this range. Fig. S5 . Aspen (Populus tremuloides) regeneration in an aspen dominated stand. Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
